Reactive carbonyls (RCs), which are inevitably produced during respiratory and photosynthetic metabolism, have the potential to cause oxidative damage to photosynthetic organisms. Previously, we proposed a scavenging model for RCs in the cyanobacterium Synechocystis sp. PCC 6803 (S. 6803). In the current study, we constructed mutants deficient in the enzymes medium-chain dehydrogenase/reductase (DMDR) and aldo-keto reductase (DAKR) to investigate their contributions to RC scavenging in vivo. We found that treatment with the lipid-derived RC acrolein causes growth inhibition and promotes greater protein carbonylation in DMDR, compared with the wild-type and DAKR. In both DMDR and DAKR, photosynthesis is severely inhibited in the presence of acrolein. These results suggest that these enzymes function as part of the scavenging systems for RCs in S. 6803 in vivo.
Reactive carbonyls (RCs), which are inevitably produced during respiratory and photosynthetic metabolism, have the potential to cause oxidative damage to photosynthetic organisms. Previously, we proposed a scavenging model for RCs in the cyanobacterium Synechocystis sp. PCC 6803 (S. 6803). In the current study, we constructed mutants deficient in the enzymes medium-chain dehydrogenase/reductase (DMDR) and aldo-keto reductase (DAKR) to investigate their contributions to RC scavenging in vivo. We found that treatment with the lipid-derived RC acrolein causes growth inhibition and promotes greater protein carbonylation in DMDR, compared with the wild-type and DAKR. In both DMDR and DAKR, photosynthesis is severely inhibited in the presence of acrolein. These results suggest that these enzymes function as part of the scavenging systems for RCs in S. 6803 in vivo.
Keywords: acrolein; aldo-keto reductase; medium-chain dehydrogenase/ reductase; reactive carbonyls Reactive carbonyls (RCs), toxic organic compounds with carbonyl groups, have the potential to cause oxidative stress in all living things on earth. In humans, sugar-derived RCs, including methylglyoxal (MG) and glyoxal, are produced as by-products in glycolysis, and react with amino acid residues like lysine to produce N e -carboxyethyl-lysine and N e -carboxymethyl-lysine, ultimately forming MG-and glyoxalderived lysine dimers. These derivatives have been established as the cause of the cell dysfunction known as advanced glycation end products (AGEs; [1] . On the other hand, sugar accumulation in cells may lead to auto-oxidation and the generation of reactive oxygen species (ROS). The ROS directly attack proteins and nucleotides, and cause the oxidation of lipids and fatty acids, resulting in a,b-unsaturated carbonyls such as acrolein, trans-4-hydroxy-2-nonenal, and 4-oxo-2-nonenal (4-ONE) [2] [3] [4] . These lipid-derived RCs react with proteins to form advanced lipoxidation end products (ALEs; [5, 6] , which are also known to cause oxidative cell dysfunction.
Photosynthesis is the largest biological activity on earth involving anabolic sugar metabolism, and has the potential to generate sugar-derived and lipidAbbreviations 4-ONE, 4-oxo-2-nonenal; AER, 2-alkenal reductase; AGEs, advanced glycation end products; AKR, aldo-keto reductase; AL, actinic light; ALEs, advanced lipoxidation end products; AOR, alkenal/one oxidoreductase; GLX, glyoxalase; MDR, medium-chain dehydrogenase/reductase; MG, methylglyoxal; ML, measuring light; RCs, reactive carbonyls; ROS, reactive oxygen species; SDR, short-chain dehydrogenase/ reductase.
derived RCs. Photosynthesis consists of light and dark reactions on the thylakoid membrane and in the stroma, respectively, of chloroplasts. In light reactions, photosynthetic electron transport is driven by photooxidation/reduction cycles in two photosystems (PSI and PSII), which are associated with the risk of ROS production, particularly in situations where the photon energy produced is greater than the demand by the Calvin-Benson cycle [7, 8] . If produced, the ROS can react with the thylakoid membrane and the chloroplast envelope to produce lipid-derived RCs. Indeed, a number of lipid-derived RCs are detectable in the chloroplasts of plant leaves [9] . On the other hand, the Calvin-Benson cycle (i.e., the dark reaction of photosynthesis) involve reactions that generate sugar-derived RCs. In fact, MG and glyoxal are produced during the Calvin-Benson cycle and is dependent on photosynthetic activity [10] . Additionally, MG accumulated in the stroma mediates the photoreduction of O 2 to produce superoxide anion radical (O À 2 ), which is one of the ROS in PSI [12] . Furthermore, lipid-derived RCs oxidatively attack triosephosphate isomerase [11] , which accelerates the production of MG in photosynthetic cells [13] . These sugar-derived and lipid-derived RCs react with proteins, lipids, and nucleotides, resulting in AGEs and ALEs [12, 14] . In fact, treatment with exogenous RCs inactivates enzymes of the Calvin-Benson cycle and PSII, resulting in the inhibition of photosynthetic activity [15] [16] [17] .
Photosynthetic organisms harbor scavenging systems for RCs [18] . The reducing activity of RCs using NAD (P)H as electron donors, is found in various enzymes, including aldo-keto reductase (AKR) [19] [20] [21] , 2-alkenal reductase (AER) [22] , alkenal/one oxidoreductase (AOR) [23] , and medium-chain and short-chain dehydrogenase/ reductases (MDR and SDR, respectively) [23] [24] [25] . On the other hand, for detoxifying MG, the glyoxalase (GLX) system is the major scavenging system, which is composed of two enzymes (GLX1 and GLX2), and ultimately converts MG to ᴅ-lactate by utilizing reduced glutathione [26, 27] . These enzymes function to alleviate oxidative damage in cells caused by RCs. However, it remains poorly understood exactly how RCs are scavenged in oxygenic phototrophs in vivo.
Previously, we established a model of the detoxification mechanism for RCs in the cyanobacterium Synechocystis sp. PCC 6803 (S. 6803), based on the kinetic parameters of recombinant proteins in vitro [25] . The genome of S. 6803 codes several gene homologs to AKR, MDR, SDR, and GLX, but not AER or AOR [28] . The MDR encoded by slr1192 shows the highest NADPH-reducing activities for acrolein and MG among the enzymes we characterized. The AKR encoded by the gene slr0942 also shows reducing activities for acrolein and MG. The gene product of slr0315 is characterized as an SDR, but the affinities for RCs in reducing reactions are very low compared to MDR and AKR. Both GLX1 and GLX2 homologs show GLX activity for MG. These data suggest that in S. 6803, both MDR and AKR are likely to be main contributors to the detoxification of RCs like acrolein and MG, whereas the GLX system functions in scavenging MG [25] . However, there is no evidence that these scavenging systems for RCs actually function in the detoxification of RCs in S. 6803 cells. In the current study, we sought to expand our previous study, and to investigate the contributions in vivo of the scavenging systems for RCs in S. 6803, using mutants deficient in the genes encoding enzymes MDR and AKR. For chlorophyll measurements, cells from 0.1 to 1.0 mL cultures were centrifugally harvested and resuspended by vortexing in 1 mL 100% (v/v) methanol. After incubation for 5 min, the suspension was centrifuged at 10 000 9 g for 5 min. Total chlorophyll a was spectrophotometrically determined from the supernatant [30] .
Materials and methods

Growth conditions and chlorophyll a determination
Chemicals
Acrolein was purchased from Tokyo Chemical Industry (Tokyo, Japan). Methylglyoxal was obtained from Nakarai Tesque (Kyoto, Japan), and 4-oxo-2-Nonenal from Cayman Chemical (Ann Arbor, MI, USA).
Generation of mutants
To disrupt the MDR gene in S. 6803 (slr1192), a portion of the coding region was replaced with a kanamycin resistance gene (Kan r ) cassette derived from the pUC4-KIXX vector [31, 32] . The coding region of slr1192 was amplified in two divided fragments by PCR using primer set 1 (forward, TCGATCAAATGCTCTACTTGTAGCTT; reverse, CCAT AAAACCGCCCAGTCTACCTGGCACTGGAGGTAAA GGCAG) and primer set 2 (forward, AAAGGTTGGGCT TCGGAATGATGGGACAACGCTCCGTTTCTG; reverse, CAACACCTTCAAATTGGGGTTTA). The two PCR fragments and the Kan r cassette were linked by successive PCR to produce the MDR-disruption cassette [31, 33] . In order to disrupt the AKR gene in S. 6803 (slr0942), a portion of its coding region was replaced with a chloramphenicol resistance gene (Cm r ) cassette derived from the pACYC184 vector [34, 35] . The coding region of slr0942 was amplified by PCR using primer set 3 (forward, GATTCCGTCAAAGTACTGGAAGA; reverse, CCTTC ATTAGCAGACTGTCAAGC), and the PCR product cloned into a pTA2 vector (Takara, Shiga, Japan). The recombinant plasmid was linearized and amplified by inverse PCR using primer set 4 (forward, TGGAGC-TACTTTAGCCAATGCTTTCACCAAGG; reverse, ATT GCCATAGATAGCAGCAGAGTCAAGGTG), and ligated with Cm r [35] . The resulting plasmid was designated as the AKR-disruption cassette. Transformation of S. 6803 cells with the MDR-disruption cassette or the AKR-disruption cassette was performed using standard procedures previously described [36] . Transformants were selected on 0.5% (w/v) agar plates of BG-11 medium containing 20 lgÁmL À1 kanamycin, or 30 lgÁmL
À1
chloramphenicol, as appropriate.
Immunoblot analysis
S. 6803 WT, DMDR, and DAKR cell cultures (10 mL) were harvested by centrifugation, and the pellets were suspended in 500 lL extraction buffer (50 mM HEPES-KOH, 1 mM MgCl 2 , 2 mM EDTA, and 1 mM phenylmethylsulfonyl fluoride, pH 7.5). The suspensions were homogenized with glass beads using Bug Crasher GM-01 (Taitec Co., Aichi, Japan) and centrifuged at 8000 9 g for 20 min at 4°C, resulting in the supernatants (Fraction A) and the pellets (Fraction B). Fraction A was further centrifuged at 13 000 9 g for 30 min at 4°C, and the supernatants were treated as crude soluble fractions. Conversely, Fraction B was mildly vortexed in extraction buffer containing 1.8% (w/v) octyl b-ᴅ-glucopyranoside for 30 min at 4°C. After centrifugation at 13 000 9 g for 30 min at 4°C, the supernatants were treated as crude membrane fractions. Protein concentrations of the fractions were determined with a Pierce 660 nm Protein Assay (Thermo Scientific, Rockford, USA) using bovine serum albumin as a standard. For the detection of the slr1192 and slr0942 gene products, crude soluble fractions containing 5 lg protein were analyzed by SDS/PAGE. Following electrophoresis, the proteins were electrotransferred to a polyvinylidene fluoride (PVDF) membrane and subsequently detected by immunostaining using polyclonal antibodies specific to MDR and AKR proteins that were purchased from Hokkaido System Science (Hokkaido, Japan).
For the detection of carbonylated proteins, crude soluble and membrane fractions (17 lg and 5 lg protein, respectively) were analyzed by SDS/PAGE. Following electrophoresis and electrotransfer to a PVDF membrane, the proteins were derivatized with 2,4-dinitrophenylhydrazine, and were then detected with a polyclonal antibody specific to the 2,4-dinitrophenyl groups (Cosmo Bio, Tokyo, Japan), as previously described [37, 38] .
Measurement of O 2 and chlorophyll fluorescence
Net uptake and evolution of O 2 were measured concurrently with chlorophyll fluorescence [39] . Cell samples in the reaction mixture (2 mL, 50 mM HEPES-KOH, pH 7.5, 10 mM NaHCO 3 , 10 lg ChlÁmL À1 ) were stirred with a magnetic microstirrer, and illuminated with red actinic light (AL), k > 620 nm, at 25°C. The photon flux densities are indicated in the figure legends. A halogen lamp (Xenophot HLX 64625, Osram, M€ unchen, Germany) from an LS2 light source (Hansatech, King's Lynn, UK) was used as the red AL source.
The relative chlorophyll fluorescence originating from chlorophyll a was measured using a PAM-chlorophyll fluorometer (PAM-101; Walz, Effeltrich, Germany) as previously described [40] . Pulse-modulated excitation was achieved using an LED lamp with a peak emission at 650 nm. Modulated fluorescence was measured at k > 710 nm (Schott RG9 long-pass filter). The minimum chlorophyll fluorescence (F o ) was determined from illumination using a measuring light (ML). The steady-state fluorescence (F s ) was monitored under AL. To determine the maximum variable fluorescence (F m 0 ), 1000-ms pulses of saturated light (10 000 lmol photons m À2 Ás À1 ) were supplied at arbitrary intervals. The fluorescence terminology used in this study follows the previous report by [41] . Y(II), the effective quantum yield of PSII, was defined as (F m 0 À F s )/F m 0 .
Results
Effects of acrolein on growth in S. 6803 WT, DMDR, and DAKR
We constructed DMDR and DAKR, mutants of S. 6803 that were deficient in the gene products of slr1192 and slr0942, respectively, by homologous recombination and selection using antibiotic resistance markers. Insertion of the markers into the genomic DNA was confirmed by PCR and agarose gel electrophoresis (Fig. S1A) . The soluble fractions of the cells were extracted and analyzed by immunoblotting with the appropriate specific antibodies to verify the complete defect in expression of the proteins that corresponded to the gene products of slr1192 and slr0942 (Fig. S1B,C) .
To investigate the effects of the lipid-derived RC acrolein on the growth of S. 6803 WT, DMDR, and DAKR, time course measurements of optical density at 750 nm (OD 750 ) were made of the cells in BG-11 medium, with or without preincubation with acrolein. The cells (10 lg ChlÁmL À1 ) in the reaction mixture (50 mM HEPES-KOH, 10 mM NaHCO 3 , pH 7.5) containing 30 lM acrolein (final concentration), or no acrolein, were exposed to light (100 lmol photons m À2 Ás À1 ). Following the light exposure, the cells were inoculated into liquid BG-11 medium with the starting OD 750 being adjusted to 0.2. The acrolein in the reaction mixture was removed by centrifugal washing with acrolein-free reaction mixture three times. The growth of S. 6803 WT, DMDR, and DAKR were similar, at least under the normal growth conditions of this study (Fig. 1A,B) . However, pretreatment with acrolein, prior to inoculation into the medium, resulted in greater growth inhibition of DMDR, compared with S. 6803 WT (Fig. 1C,D) . For DMDR, the cells were unable to grow following preincubation with acrolein ( Fig. 1C) , resulting in a pale-colored cell culture (Fig. 1D ). These data suggest that the pretreatment with acrolein caused greater damage to DMDR than to S. 6803 WT, which resulted in irreversibly inhibited growth. On the other hand, we could not recognize the significant difference in the growth of the cyanobacterial cells pretreated with acrolein between S. 6803 WT and DAKR although the average value of OD 750 in DAKR was lower than that in the WT (Fig. 1C,D) .
Effects of acrolein on protein carbonylation in S. 6803 WT, DMDR, and DAKR
We investigated the amounts of carbonylated proteins with and without treatment with acrolein. Cyanobacterial cells in BG-11 medium were exposed to acrolein (50 lM), or mock-treated, for 2 h in light (150 lmol photons m À2 Ás À1 ), and then homogenized for protein extraction. The levels of carbonylated proteins in mock-treated DMDR and DAKR cells were approximately the same as for WT cells (Fig. 2) , which is consistent with the growth results shown in Fig. 1A ,B. Conversely, treatment with acrolein resulted in the increase in the amount of carbonylated proteins detected by immunoblotting in both the soluble and the membrane fractions of S. 6803, DMDR, and DAKR, which was greatly increased in DMDR cells, compared with the WT and DAKR cells (Fig. 2) . These results might be related to the growth inhibition of DMDR in Fig. 1C,D .
Effects of acrolein on photosynthesis in S. 6803 WT, DMDR, and DAKR
We evaluated the effects of acrolein on the relative chlorophyll fluorescence during steady-state photosynthesis in S. 6803 WT, DMDR, and DAKR. Previously, we found that the addition of acrolein to cells during steady-state photosynthesis leads to a decrease in PSII activity, and a rise in the relative level of chlorophyll fluorescence [16] . In the current study, we added acrolein at 100 lM to S. 6803 WT, DMDR, and DAKR. Based on chlorophyll fluorescence, both DMDR and DAKR were more sensitive to acrolein than S. 6803 WT (Fig. 3 and Fig. S2 ). These results suggest that the RC-scavenging enzymes MDR and AKR function in the detoxification of acrolein in vivo, particularly MDR encoded by slr1192.
From the relative chlorophyll fluorescence in Fig. 3 , we calculated Y(II), the effective quantum yield of PSII, in S. 6803 WT, DMDR, and DAKR. Y(II) levels decreased following the addition of acrolein, and reached roughly constant values in each of the strains (Fig. 4A ). After treatment with acrolein for 1 h, the Y (II) in S. 6803 WT was approximately 70% of the levels prior to treatment, whereas the levels were approximately 15% and 45% in DMDR and DAKR, respectively (Fig. 4A) .
Photosynthetic O 2 evolution rates in S. 6803 WT, DMDR, and DAKR were measured prior to, and following, the 1-h treatment with acrolein. The percentage for the rates of residual activity of photosynthetic O 2 evolution is shown in Fig. 4B . All three strains demonstrated decreased rates of photosynthetic O 2 evolution, with the largest being observed in DMDR (Fig. 4B) . These data were consistent with the growth rates of the cells following preincubation with acrolein ( Fig. 1C) , suggesting that the inhibition of photosynthesis by acrolein may be linked to retarded growth. The decreased rates of photosynthetic O 2 evolution in S. 6803 WT and DAKR were greater than the decreases in Y(II), which suggests that acrolein inhibited not only PSII activity but also other components of photosynthesis, such as PSI and the CalvinBenson cycle.
Effects of 4-ONE and MG on photosynthesis in S. 6803 WT, DMDR, and DAKR Similar to acrolein, we evaluated the effects of added 4-ONE and MG on photosynthesis in S. 6803 WT, DMDR, and DAKR as the case in acrolein. It has been reported that 4-ONE has 10 and 100 times reactivity, respectively, with amine and thiol of amino acids, compared with 4-HNE [5] . A half of envelopes of cyanobacterial cells are composed of linoleic and arachidonic acids, which are the sources of 4-ONE through lipoxidations [3, 42] , which suggests that 4-ONE is produced in cyanobacterial cells. The addition of 4-ONE at 50 lM induced the inactivation of photosynthesis, but the extents of the decreases in both the Y(II) levels and the rate of photosynthetic O 2 evolution in DAKR were almost identical to S. 6803 WT (Fig. 5) . On the other hand, the Y(II) levels in DMDR treated with 4-ONE were significantly lower than those in either S. 6803 WT or DAKR (Fig. 5A ). In addition, the rate of photosynthetic O 2 evolution was likely to be lower in the cells treated with 4-ONE of DMDR than those of S. 6803 WT, but we could not identify the significant difference (Fig. 5B) . In this study, we also observed NADPH-dependent 4-ONE-reducing activity by the recombinant MDR proteins (Fig. S2) , which supports the results in Fig. 5A . Decreased photosynthetic activity by the addition of MG, as reflected by decreases in Y(II) levels and the rate of photosynthetic O 2 evolution, were similar among S. 6803 WT, DMDR, and DAKR (Fig. 6) . Again, these results contrast what was observed for acrolein (Fig. 4 ) and 4-ONE (Fig. 5) . These data suggest that in S. 6803, the MDR and AKR enzymes are not functional in the detoxification of MG in vivo, even though the recombinant forms of these proteins showed scavenging activity for MG in vitro [25] .
Discussion
In the present study, we evaluated two RC-scavenging enzymes, MDR and AKR, encoded by slr1192 and slr0942, respectively, for their contribution in the protection of photosynthesis against oxidative damage caused by RCs. Previously, we characterized several enzymes showing RC-scavenging activity in the cyanobacterium S. 6803 [25] . Among these enzymes, the gene products of slr1192 and slr0942 show reducing activity for acrolein and MG using NADPH as an electron donor. Furthermore, the lipid-derived RC 4-ONE is also reduced by the recombinant MDR and AKR proteins ( Fig. S2 ; [43] . Since the addition of RCs to cyanobacterial cells cause inhibition of 6803 WT, DMDR, and DAKR, respectively. Data represent the means AE SD from three independent measurements. Differences in Y(II) levels between WT and DMDR or between WT and DAKR were analyzed using the Student's t-test. Red and blue asterisks indicate statistically significant differences between WT and DMDR, and between WT and DAKR, respectively (P < 0.05).
photosynthesis, we applied them to S. 6803 WT, DMDR, and DAKR as an evaluation system for RC resistance. Compared with S. 6803 WT, photosynthesis was severely inhibited by acrolein in DMDR and DAKR (Fig. 4) , which indicates that in vivo the S. 6803 MDR and AKR enzymes can scavenge acrolein prior to induction of its inhibitory effects. Additionally, MDR, the gene product of slr1192, can scavenge 4-ONE to alleviate the inhibition of photosynthesis more efficiently than AKR of slr0942 (Fig. 5A) . Furthermore, the lack of MDR and AKR did not affect the inhibition of photosynthesis by MG (Fig. 6 ). These data are in partial agreement with the kinetic parameters of the respective recombinant proteins in vitro. Scavenging systems for RCs have been needed for the protection of cells against oxidative stress since the origin of photosynthetic organisms. The current findings suggest that scavenging systems for RCs, in addition to MDR and AKR, exist in cyanobacteria. The concentration of acrolein in the cyanobacterial cell is probably kept low, even in the absence of MDR and AKR. Without pretreatment with acrolein, both DMDR and DAKR showed similar growth kinetics as S. 6803 WT (Fig. 1A) . On the other hand, acrolein at 30 lM irreversibly inhibited the growth of DMDR (Fig. 1) . These data suggest that acrolein did not accumulate in DMDR cells, at least not over 30 lM, under the growth condition used in this study, even though it is detected in S. 6803 WT cells [16] . Acrolein is known to be generated by lipid peroxidation of trienoic fatty acids [2, 9] . Acrolein accumulates in the chloroplast of plant leaves to approximately 240 lM [9] . However, cyanobacteria may be so sensitive to acrolein that concentrations are maintained at much lower levels compared to plant leaves.
In S. 6803, the slr1192 encoded MDR is likely to function as a scavenging system for a broad range of lipid-derived RCs ( Figs 3 and 4) ; [25, 44] , different from what occurs in land plants. Homologs of MDR are found in the genome of the extensively studied plant Arabidopsis thaliana, but their recombinant proteins demonstrate little activity for lipid-derived RCs [25] . Alternatively, land plants have 2-alkenal reductase (AER; [22] and alkenal/one oxidoreductase (AOR; [23] , which possess NADPH-dependent reducing activity for various lipid-derived RCs. No homolog of AER or AOR is coded in the genome of S. 6803 [28] . However, the gene product of slr1192 shows the highest level of amino acid sequence similarity to homologs of AOR in land plants [23] . Despite the differences in reaction mechanisms and kinetics for RCs [23, 25] , MDR may possibly be a progenitor of AOR found in land plants.
Neither MDR nor AKR is the primary contributor for scavenging MG in S. 6803 cells. We previously characterized the GLX homologs in S. 6803, which are encoded by slr0381 and sll1019 [25] . The recombinant proteins of these gene products show GLX1 and GLX2 activity, respectively. In the current study, we had hoped to evaluate S. 6803 mutants deficient in these genes, but were unsuccessful in isolating knockout mutants of the GLX system. Therefore, physiological roles of the GLX system may be essential for S. 6803 viability and growth. This remains to be elucidated in future work.
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